REVIEW
Inflammatory bowel disease (IBD) is a group of idiopathic, chronic and relapsing inflammatory conditions of the gastrointestinal tract. Familial and epidemiological studies have stressed the involvement of genetic factors and have also shown the critical role of environmental factors such as sanitation and hygiene in the development of IBD. However, the molecular mechanisms of intestinal inflammation in IBD have long remained unknown. In recent years, the study of susceptibility genes involved in the detection of bacterial components and in the regulation of the host immune response has shed light onto the potential role of intestinal pathogens and gut flora in IBD immunobiology. This review presents current knowledge on intestinal epithelial barrier alterations and on dysfunction of mucosal innate and acquired immune responses in IBD. The data support the etiological hypothesis which argues that pathogenic intestinal bacteria and/or infectious agents initiate and perpetuate the inflammation of the gut through disruption of tolerance towards the commensal microbiota in an individual with genetic vulnerability.
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IBD is a very disabling disease due to the fatigue associated with the inflammatory symptoms and due to the chronic pain suffered by patients. IBD affects quality of life but not life span: the mortality rate of patients is not different from the normal population. The prevalence of IBD is similar in men and women and peaks in young adults. The highest incidences are reported in northern Europe and North America where they range from 12 to 19/100,000/year and from 5 to 29/100,000/year, respectively. Nearly 1.4 million Americans and 2.2 million Europeans are affected. 2 The prevalence of IBD varies depending on ethnicity or race. Caucasians and African Americans are most affected while IBD is rare among Hispanics and Asians. Ashkenazi Jews have a much higher risk of developing IBD with a 2-4 times higher incidence when compared to non-Jewish Caucasians. 3 However, there is evidence to suggest that the prevalence of IBD increases in populations and regions with industrialization. For example, a study demonstrated a similar incidence rate of IBD in African Americans compared to that observed in Americans of European ancestry. 4 
IBD Etiology
The pathogenesis of IBD is only partially understood; various environmental and host (e.g., genetic, epithelial, immune and nonimmune) factors are involved. Complex interactions between the immune system, enteric commensal bacteria/pathogens and host genotype are thought to underlie the development of IBD. [5] [6] [7] These relapsing chronic inflammatory disorders appear to be caused by overly aggressive T-cell responses directed against environmental factors and/or a subset of commensal intracellular processing of bacterial components may have a role in the immunopathogenesis of the disease. 27 A link between nucleotide-binding oligomerization domain (NOD) protein and the autophagy protein ATG16L1 has been recently reported by showing that these two proteins form a complex at the cytoplasmic membrane. 28 This highlights the hypothesis of autophagy deficiency in IBD patients since mutations in NOD or the ATG16L1 protein result in diminished and ineffective autophagic response to intracellular pathogens.
Among a myriad of genes pinpointed by genetic linkage studies, alterations in genes of the innate immune system, such as NOD2, ATG16L1 and IRGM are specific to patients with CD and are not observed in those with UC. By contrast, multiple genes implicated in the IL-23 pathway, including IL23R (encoding a subunit for IL-23 receptor) and IL12B (encoding the p40 subunit of IL-12 and IL-23), STAT3 (encoding signal transducer and activator of transcription 3) and the homeodomain-containing transcription factor NKX2-3 have been shown to be associated with both UC and CD. 25, [29] [30] [31] [32] [33] On the other hand, mutations in ECM1 (extracellular matrix protein 1) are specific to patients with UC. 21, 31, 32 Microbiota in IBD. The importance of gut flora in IBD is directly supported by studies in a variety of murine models in which 'spontaneous' chronic colitis seems to be entirely dependent on the presence of a luminal flora. 34, 35 Thus, colitis cannot develop when these lines are maintained in a germ-free gnotobiotic state, but rapidly emerges when they are reconstituted with bacteria that are considered normal constituents of luminal flora. 36, 37 At least three not necessarily mutually exclusive theories can be proposed concerning the implication of bacteria in the aetiopathogenesis of IBD: (1) an involvement of a persistent pathogen; (2) an abnormally permeable mucosal barrier leading to excessive bacterial translocation; and (3) a breakdown in the balance between putative "protective" versus "harmful" intestinal bacteria ("dysbiosis") which can promote inflammation. 38 The possibility that IBD is an infection has been debated since the first description of CD. Many infectious agents (viral, bacterial or parasitic agents; Table 2 ) have been suspected in IBD etiology but the strongest evidence comes from studies pointing to the role of bacteria. In the intestinal mucosa of patients with IBD, bacteria that can potentially be pathogenic such as Escherichia coli, Listeria monocytogenes, Yersinia enterocolitica and Mycobacterium avium paratuberculosis are found in excess. 39 Mycobacterium avium paratuberculosis was the first organism to be suggested as an IBD pathogen, and it has been argued that it fulfils Koch's postulates 40 and could be designated the cause of CD. Other organisms have been postulated as possible IBD pathogens, including various Helicobacter species, one of which has been identified in primate colitis while others are widely used in animal models of IBD.
Escherichia coli appear specific to ileal CD and have been shown to induce the release of TNFα, a key cytokine in IBD inflammation. 41, 42 Increased numbers of mucosa-associated E. coli forming a biofilm on the surface of the gut mucosa are observed in patients with IBD. [43] [44] [45] [46] [47] [48] [49] Bacteria colonizing the gut mucosa have the ability bacteria/pathogens that inhabit the distal ileum and colon of genetically susceptible hosts. Environmental contribution to IBD. The lower incidence of IBD in Asia and Africa compared with North America and Europe probably reflects both genetic and environmental factors. The hygiene hypothesis has been invoked to account for the rising prevalence of various autoimmune and inflammatory conditions, which are thought to result from the lack of early exposure to select microbial agents due to stringent sanitation conditions. 8 Although the precise environmental factors that account for changing IBD prevalence have not been defined, changes in dietary and intestinal microbial milieu probably play a key pathogenic role that is common to CD and UC. One important environmental factor is smoking. The effect of smoking is discordant between CD and UC. 9 Smoking was found to be protective against UC and, after the onset of the disease, might improve its course, decreasing the need for colectomy. 10 In contrast, smoking increases the risk of developing CD and aggravates its course by approximately twofold in western countries. [10] [11] [12] Patients with a high lifetime tobacco exposure (>150 cigarettes/year) suffer small bowel disease more often than do nonsmokers. Smokers also have a higher accumulated number of fistulae and/or abscesses than nonsmokers and are also more vulnerable to CD flare-ups. 13 In particular, heavy smokers (>10 cigarettes/day) are more likely to require gastric surgery as a result of IBD and suffer a significantly decreased quality of life. 14, 15 Susceptibility genes in IBD. Considering that IBD incidence seems linked to race, a strong genetic component in IBD etiology is very likely. Some epidemiological data support this hypothesis: (1) the heterogeneity in the geographical distribution of IBD, (2) the existence of familial forms of IBD and (3) the high rate of concordance in monozygotic twins. Indeed, population-based studies find that 5-10% of patients have a first-degree family member with IBD, with the relative risk to siblings of affected individuals estimated to be 30-to 40-fold higher for CD and 10-to 20-fold higher for UC, suggesting that some susceptibility genes should be specific for CD and UC. 16, 17 Twin studies provide additional evidence for genetic contribution in IBD: the concordance rate is significantly greater in monozygotic than dizygotic twins for both CD (50-58% versus 0-12%) and UC (6-14% versus 0-5%). 18, 19 However, the significantly higher monozygotic twin concordance rates for CD than UC suggest that there is a greater contribution of genetic factors in CD.
In recent years, genome-wide association (GWA) studies have provided a broad view of the relative contributions of various genomic loci and have substantially improved the understanding of the molecular pathways leading to IBD. GWA have stressed an association between IBD and specific chromosomal loci 20, 21 and thereby have led to the identification of candidate genes which are involved in the development of inflammatory processes ( Table 1) . In general, the main genetic associations can be divided into genes that contribute to the innate immune response and those that contribute to the acquired immune response. In the innate immune arm, the association of CD with polymorphisms in NOD2 22, 23 and the two autophagy-related genes ATG16L1 and IRGM [24] [25] [26] suggests that alterations in the recognition and distinct stages: (1) penetration of luminal contents into underlying tissues which may be facilitated by environmental factors such as infection or inherent defects in mucosal barrier, (2) impaired clearance of foreign material from the bowel wall which may be due to defective secretion of pro-inflammatory cytokines by macrophages and (3) a compensatory acquired immune response which leads to a chronic inflammatory response and gives rise to characteristic IBD lesions. Alterations of the mucosal epithelial barrier. The intestinal barrier (Fig. 1) consists of a bacterial biofilm, a layer of mucus and an intestinal epithelium in which lie the innate immune system (dendritic cells, Paneth cells, macrophages and neutrophils). The intestinal epithelial barrier normally protects the body from potential bacterial threats but in IBD each of these defences is impaired. Indeed, the number of goblet cells secreting mucins, which constitute the protective mucus in the intestinal epithelium, is decreased in IBD. In addition, the use of microarrays has revealed that genes encoding mucins are underexpressed in the ileum and colon of patients. 64 The cohesion and tightness of the intestinal mucosa depend on the cell junctions of IEC. Defects in the structure and function of apical junctional complexes (AJC) are implicated in both animal models of IBD and in IBD patients. 65, 66 For example, deregulated epithelial barrier function, specifically tight junctions, precedes histological evidence of ileitis in SAMP mice. 67 Moreover, barrier dysfunction precedes relapse of CD in asymptomatic patients as proteins forming the tight junctions of enterocytes (occludin, cadherins and catenins) are underexpressed 68 and studies demonstrate a
(1) to strongly adhere to intestinal epithelial cells (IEC), 44, 46 (2) to invade IEC by a mechanism involving actin polymerisation and microtubule recruitment, 50,51 (3) to survive and replicate inside macrophages inducing the release of large amounts of TNFα and (4) to induce granuloma formation in vitro. 42, 52, 53 Based on the pathogenic characteristics of CD-associated E. coli, an additional pathogenic group of E. coli was defined and named AIEC for Adherent-Invasive E. coli. Such pathogenic strains are achieving increasing relevance since various studies performed in France, 54 the United Kingdom, 46 Spain 55 and the USA 56-58 have reported them to be more prevalent in CD patients than in controls. The presence of AIEC in healthy subjects suggests that AIEC are facultative pathogens that cause disease in susceptible hosts. AIEC strains were found to be highly associated with ileal mucosa in CD patients, suggesting that there are specific alterations to the ileal epithelial cells in patients with CD that allow AIEC to adhere to a greater extent. The receptor involved in AIEC colonization and abnormally expressed on ileal mucosa in 35% of CD patients was characterized as being the carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6). 59, 60 Recently, the endoplasmic reticulum (ER) stress protein Gp96 was found to be overexpressed on the apical surface of ileal epithelial cells in CD patients and to act as a host cell receptor for outer membrane vesicles, promoting AIEC invasion. 61 Dysbiosis could be a key factor in the immunopathogenesis of IBD by disrupting the host immune defences to commensal flora microbes at the mucosal border. Arguments in favour of dysbiosis are: (1) the low proportion of Faecalibacterium prausnitzii, i.e., bacteria with anti-inflammatory properties, on ileal CD mucosa, 39, 62 and (2) the abnormal colonization of the ileal mucosa by AIEC. In line with this hypothesis, a recent twin study revealed specific imbalances in the mucosa-associated microbiota. 63 Large interindividual variation in the composition of the intestinal microbiota between unrelated individuals has made it challenging to identify specific aspects of dysbiosis that lead to CD. The microbial compositions at all biopsy locations for each individual were similar, regardless of disease state, but differences between individuals were observed. In particular, individuals with predominantly ileal CD had a dramatically lower abundance of Faecalibacterium prausnitzii and increased abundance of Escherichia coli compared to healthy co-twins and those with CD localized in the colon. This dysbiosis was significantly correlated to the disease phenotype rather than genotype. 63 Dysbiosis can promote the growth of invasive pathogenic bacteria and also can facilitate bacterial translocation through the intestinal mucosal barrier to the mesenteric lymph nodes. These two phenomena contribute to the permeabilization process of the epithelial barrier, which is the prerequisite for the activation of the mucosal immune response.
Immunopathogenesis of IBD
In IBD, the immune defense against intestinal microbes fails at two levels: (1) the epithelial mucosal barrier is impaired and (2) the innate and acquired host immune responses are altered. The immunopathogenesis of IBD occurs in three temporally Yersinia spp.
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β-defensins, HBD) and express MHC molecules to trigger the mucosal acquired immune response. In IBD, there is a functional defect of the immune barrier formed by antimicrobial peptides. 79 Indeed, UC is associated with a very high production of HBD2, 3 and 4. 80 However, the induction of these HBD is low in CD. The lack of induction of HBD2 in patients suffering from colonic CD could be explained by a reduced copy number of the HBD gene. 81 Paneth cells, which are specialized cells located in intestinal crypts, also secrete antimicrobial peptides (human α-defensins, HD) following the binding of pathogenic bacterial components to TLR and NOD receptors. In UC, the production of HD5 and 6 is greatly increased whereas in ileal CD, a sharp decrease in the production of HD is observed. [82] [83] [84] The lack of HD5 synthesis in ileal CD could result from a defect in the biology of Paneth cells caused by mutations in NOD2. Besides, NOD2-deficient animals are susceptible to Listeria monocytogenes infection via the oral route but not through intravenous or peritoneal delivery. Expression of defensin-related cryptdin 4 (Defcr4) and Defcr-related sequence 10 (Defcr-rs10) was very low in NOD2 -/-mice and was further reduced after infection in NOD2 -/-animals relative to wild-type mice. 85 Cryptdins are antimicrobial peptides that are preferentially produced in intestinal Paneth cells, and their antimicrobial activity is important in suppressing infection with pathogenic bacteria, including L. monocytogenes 86 and Mycobacterium paratuberculosis, an organism implicated in CD. 87, 88 Overall, current data suggest that, in UC, changes in expression of defensins are secondary to inflammation while they could cause impairment of innate mucosal immunity in ileal CD. specific distribution pattern of the tight junction proteins claudin 2, 3, 4, 5 and 8 in IBD patients. [69] [70] [71] Intestinal permeability is significantly increased in 36% of CD patients 72 and bacterial translocation of E. coli, Enterococcus spp., Clostridium perfringens has been observed in mesenteric nodes in 30-50% of CD patients versus 5-15% in healthy controls. 73, 74 This could be due to: (1) bacterial uptake via Peyer's patches and (2) bacterial translocation due to abnormal tight junctions. Increased intestinal permeability has been shown in CD patients carrying NOD2 polymorphisms. 75 Consistently, abnormal development of Peyer's patches as well as increased permeability and bacterial translocation were observed in NOD2 deficient mice. 76 The findings that increased E. coli translocation occurs in follicle-associated epithelium or in Peyer's patches isolated from CD patients compared with non-IBD patients 77, 78 and that increased numbers of Peyer's patches are found in CD, represent novel insights into CD pathophysiology by a previously unrecognized defect of intestinal barrier function in ileal CD.
Moreover, epithelial cells are the first line of defence against invading pathogens. In constant interaction with the intraluminal flora, they are able to identify pathogenic bacterial components via extracellular receptors to bacterial products like TLR (toll-like receptors) and via intracellular receptors like NLR (NOD-like receptors), in particular NOD2 receptor (or NOD2/ CARD15 receptor, Nucleotide-binding Oligomerization Domain 2/Caspase-Activating Recruitment Domain 15 receptor). Once activated through TLR and NOD2 receptors, epithelial cells produce antimicrobial peptides (human alterations in epithelial mechanisms of innate immunity could be caused by changes in TLR expression patterns. The hypothesis of a TLR-dependent dysfunction of the immune response to bacteria in the intestinal lumen is supported by the description of polymorphisms in genes coding TLR1, TLR2, TLR4 and TLR6 which are associated with increased risk of developing IBD. 93 The existence of polymorphisms of the NOD2 gene is another argument which suggests a defective mechanism in antigen recognition by TLR and NOD2. In fact, 10-15% of CD patients are homo or heterozygous carriers of one of the three major NOD2 mutations (Gly908Arg, Arg702Trp and Leu1007fs). 22, 23 "Knock-in" mice were used to evaluate the functions of the NOD2 Leu1007fs variant and showed that the susceptibility to develop colitis induced by dextran sodium sulphate (DSS) is higher in mice with such variant to the mouse NOD2 locus than in wild-type mice. DSS-induced colitis is associated with an overactivation of the nuclear factor kappaB (NFκB) pathway and increased secretion of IL1β. 94 These results, which are contradictory with clinical data that correlate NOD2 mutations to decreased NFκB activity in patients, could be explained by the existence of a negative regulation exerted by NOD2 on the TLR2 signalling pathway. When the NOD2 mutation Leu1007fs is present, inhibition of the TLR-NFκB pathway by NOD2 would not take place, leading to increased production of pro-inflammatory cytokines in response to contact with commensal bacteria and/or pathogens. The TLR2 signalling disruption and the development of a Th1 immune response with excessive production of pro-inflammatory cytokines reported in these "knock-in" mice give weight to this hypothesis. 95 Thus, in patients who carry these NOD2 variants, the production of Innate immune response deregulation. The weakening of mucosal defences promotes intestinal epithelium permeabilization resulting in more frequent contacts between the commensal flora and the mucosal immune system. In CD, these interactions would still be facilitated through a lack of bacterial clearance by macrophages in which secretion of inflammatory cytokines is defective. 89 An excess of such interactions would cause a loss of tolerance to commensal flora by activating mucosal dendritic cells, the sentinel cells of innate immunity (Fig. 1) .
Dendritic cells (DC) are at the interface between IEC and T cells. They present antigens to naive CD4 + helper T cells (Th0) and ensure tolerance to commensal flora by promoting their differentiation into regulatory T cells (Treg). In case of infection, DC activated by their TLR and NOD2 receptors produce pro-inflammatory cytokines and promote the differentiation of effector T cells Th1, Th2 and Th17 (Fig. 2) , which triggers a local persistent inflammation. 90 The interplay between secreted cytokines determines the balance between the different types of CD4 + effector T cells. 91 In IBD, an overactivation of DC was observed at sites of inflammation. 92 DC overactivation induces a strong differentiation of effector lymphocytes (CD4 + and CD8 + ) and of other effector cells such as natural killer (NK) and NK T (NKT) cells while abolishing the production of regulatory cells. The absence of Treg lymphocytes contributes to the development of an immune response to commensal bacteria normally tolerated by the mucosal immune system (peripheral tolerance). Loss of peripheral tolerance then perpetuates inflammation.
DC overactivation is mainly the consequence of abnormalities in TLR and NOD receptor function and the consecutive inability to detect bacterial components. Indeed, in IBD, 
towards effector T cells over regulator T cells populations in IBD.
107 Th17 lymphocytes (CD4 + CD25 -) are T cells which produce the proinflammatory cytokine IL17, especially in response to the presence of extracellular bacteria. Th17 differentiation of naive Th0 cells is induced by the coexpression of IL23 and TGFβ 108 whose role in determining the balance between Treg lymphocytes (anti-inflammatory) and Th17 lymphocytes (proinflammatory) is essential (Fig. 2) . Genetic association studies showing an involvement of the IL23R gene in IBD pathogenesis 29, 31 have thus led naturally to suspicions that effector subpopulation of T cells which possess strong inflammatory activity promote the activation and local accumulation of neutrophils at the site of tissue inflammation and induce the production of antimicrobial peptides as HBD. 109 The current assumption is that there is a contribution of the IL23R signaling pathway to inflammation via impaired synthesis of antimicrobial peptides and by promotion of the Th17 pro-inflammatory state. IL23 stimulates the development and expansion of pathogenic memory T cells and ensures the survival and clonal expansion of Th17. 110 Besides the role of cytokines such as IL23, changes in the pattern of expression of chemokines (or chemo-attractive cytokines) can also explain the abnormal influx of immune effector cells in the intestinal mucosa. The expression of many chemokines (in particular IL8; granulocyte chemotactic protein-2, GCP2; growth regulated protein α and β, GROα and GROβ; epithelial neutrophil activating protein 78, ENA-78; etc.,) and the expression of their respective receptors (CXCR1, CXCR2, etc.) are increased during the active phase of IBD ( Table 3) . 111 In IBD, a defect in chemokine production or a defect in the regulation of chemokine signal transduction pathways could contribute to proinflammatory cytokines following immune cell stimulation by bacterial components and the elimination of intracellular microbes are very likely to be altered.
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Acquired immune response deregulation. In IBD, alterations in innate immune responses disrupt antigen recognition and presentation to effector cells (Fig. 1) . Consequently, the epithelial barrier is more vulnerable to infections and activation of the mucosal immune system is deregulated. When IBD is active, there is an imbalance in the number of Th and Treg cells. 97 In CD, Th1 lymphocytes, characterized by elevated production of IL2, IL12 and IFNγ, are predominant. 98 In contrast, in the mucosa of patients with UC, there is mostly an infiltration of atypical Th2 lymphocytes which are T cells characterized by the production of IL5, IL13 and TGFβ. 99 MICA, a MHC-related class Ib molecule expressed on IEC, could be involved in the activation of mucosal lymphocytes. Under normal conditions, MICA expression is restricted to intestinal and thymic epithelium. This expression can be induced by stress in different epithelial cells and is upregulated upon exposure to intracellular pathogens, [100] [101] [102] in particular E. coli.
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MICA is a ligand of the NKG2D activating receptor preferentially expressed on CD8 + T cells, γδ T cells and NK cells. 104, 105 A subset of CD4 + T cells expressing NKG2D was increased in the lamina propria from patients with CD compared to controls or UC.
106 CD4 + NKG2D + T cells with Th1 cytokine profile and expressing perforin were increased in the periphery and in the mucosa in CD and mediate inflammatory and cytotoxic responses through MICA interaction. 106 Moreover, others studies have pointed to a new T cell population defined as Th17 lymphocytes that contribute to the shift as side effects and other adverse events. Recent discoveries have led to the development of novel therapeutic drugs that regulate activation of the cellular immune response and inflammation (antibodies against cytokines and their receptors, antibodies blocking T-cell costimulatory molecules, etc.,) as a complement to the standard anti-inflammatory treatments based on corticosteroids and 5-amino-salicylic acids. In CD, new therapeutic avenues with immunostimulation strategies are now envisaged to overcome the primary immunodeficiency in patients and to reduce complications caused by immunosuppressive drugs and by antibodies against pro-inflammatory cytokines. 91 Several new drugs have been introduced in the last decade or are under investigation for the treatment of IBD. They include anti-TNFα agents, anti-adhesion molecules, anti-IL12/23, anti-IL6R and others. A novel therapeutic target for IBD could be the interaction between MICA and NKG2D since blockade of NKG2D signaling prevents the development of murine CD4 + T-cell mediated colitis 121 and inhibition of NKG2D receptor function using antibodies attenuates transfer-induced colitis in SCID mice. 122 To conclude, current therapies generally involve a combination of pharmacologic agents and dietary manipulation. Newer agents including monoclonal antibodies targeted to specific proinflammatory cytokines and adhesion molecules as well as the induction of anti-inflammatory cytokines and T-cell activation, have emerged and provided clinical benefit in the treatment and relapse of IBD. the loss of epithelial integrity by inducing local production of free radicals 112, 113 and by inducing an influx of leukocytes in the mucosa by means of neo-angiogenesis. 114 Finally, UC and CD are associated with a humoral response characterized by infiltration of plasma B cells. 115 In the mucosa, the levels of G 1 immunoglobulins (IgG1), IgG2, IgM and IgE are increased while the secretory IgA concentration is decreased. [116] [117] [118] In addition, overactivation of B cells in IBD results in a high production of mucosal IgG auto-antibodies directed against commensal bacterial antigens from the intestinal lumen. [118] [119] [120] These data suggest a shift from antibodies of the protector subtype (IgA) to the aggressive subtype (IgG) leading to mucosal inflammation.
Conclusion and New Therapies
In IBD, the existence of a genetic vulnerability leads to disrupted identification and presentation of intestinal antigens to effector cells. The subsequent inappropriate adaptive immune response results in loss of tolerance to commensal flora and to amplification and maintenance of the inflammatory response to intestinal pathogens, especially in CD where there is a weakness of the immune system. In parallel to inflammation, infiltration of immune cells in the intestinal mucosa and in the proximity of nerve endings leads to enteric neuro-immune direct contacts. These interactions cause the activation of visceral afferents which is the first step to the development of chronic abdominal pain consecutive to inflammation.
The main goal of therapy for IBD is to induce a clinical remission and then maintain it for a long period of time, in order to realize the best attainable quality of life. Choice of therapy depends on the severity and location of disease, as well
